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Abstract
In PEM water electrolysis, extensive mixing of the product gases due to gas crossover could produce explosive conditions and also 
at low current densities this leads to efficiency losses due to reduced Faraday efficiency. In this study, the effect of different 
temperatures, pressures and membrane thicknesses on the performance of a PEM electrolyzer have been carried out. The effect of 
membrane thickness on voltage was not apparent at lower current density but it increases from current density of 0.2A/cm2. It was 
also observed that temperature has no effect on the Faraday efficiency. On the other hand, Faraday efficiency increases as the 
current density increase. Also Faraday efficiency decreases with decrease in membrane thickness At 0.2 A/cm2 current density and
membrane thickness of 150 µm.
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1. Introduction
The global dependence on fossil fuel, such as coal and natural gas for the world energy demand, has generated a 
lot of concern among researchers and primary energy consumers such as energy industry. In order to solve this
problem, more research attention is being turn towards renewable and sustainable clean energy production. Different 
technologies are available in the market today for the production of clean energy; one of such widely used technology 
is electrolysis of water.
Renewable hydrogen is an excellent energy carrier that can be produced through wide variety of technologies 
namely, coal gasification, hydrocarbon reformation and electrolysis of water [1-4]. Currently, electrolysis represents 
only about 4% of world hydrogen production, this is attributed to its high cost [5].
Traditionally, alkaline based electrolysis has been commercially available for more than a century [6], but due to 
its poor hydrogen production rate, higher and lower efficiency, it has been replaced by polymer electrolyte membrane 
PEM electrolyzer[7]. PEM electrolyzer is a more promising technology due to its operation at high current density, 
and generates high and differential pressure, gas purity. Even though PEM electrolyzer is expected to be an advanced 
technique to produce hydrogen at high pressure, only a few researchers have reported the effect of pressure on gas 
purities and efficiency of PEM electrolyzer [7, 8]. Recently, Schalenbach et al. [8] developed a model and simulated 
gases cross-over for a pressurized PEME. The model based on Fick's Law correlated diffusion to the respective flux 
densities of oxygen and hydrogen across the membrane of thickness. Tijani et. al [9] did study the effect of exchanges 
in current density on Faraday efficiency of a PEM electrolyzer. In this study we estimate the effects of different 
temperature and membrane thickness on Faraday efficiency in PEM electrolyzer at different pressure.
Nomenclature
οܪ Enthalpy change
οܩ Gibbs free energy
ܶ Temperature
οܵ Entropy change
݊ Stoichiometric coefficient of electron
ܨ Faraday constant, 
ܧ Voltage
݅ Current density
Ʉ Efficiency
V Overvoltage
ߙ Transfer coefficient
݀ Membrane thickness
߶ Gas crossover flux density
݌ Partial pressure
ܵ Solubility
ߦ Drag coefficient
ȟܿ Concentration difference
ȟ݌ Partial pressure difference
ߝ Permeability constant
ܣ Partial pressure enhancement factor
SUBSCRIPTS
ݎ݁ݒ Reversible voltage
ݐ݊ Thermaneutral voltage
ܣ0 Anode exchange current density
ܥ0 Cathode exchange current density
ܽ Activation anode
ܿ Activation cathode
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ݏ Interfacial resistance
݉ Membrane
ܱଶ Oxygen
ܪଶ Hydrogen
SUPERSCRIPTS
ܿܽݐ Cathode
ܽ݊ Anode
݁݊ Total
2. Operation principle of PEM electrolyzer
PEM electrolyzer uses the electrolysis principle to dissociate water molecule into hydrogen and oxygen by applying 
a high current through two electrodes separated by an electrolyte. Water is supplied into the anode side, there the water 
flow through the bipolar plate [10-12] . Figure 1 shows the schematic of the components in the PEM electrolyzer and 
the flow of water, oxygen, hydrogen ion, electron and hydrogen in the reaction. The electrochemical reactions can be 
expressed as:
HଶO (liquid) + Electrical energy ՜  Hଶ (gas) +  
ଵ
ଶ
 Oଶ (gas) (1)
The reaction at the two electrodes, anode and cathode can be expressed as following:
HଶO ՜ 2Hା + 2eି + 
ଵ
ଶ
Oଶ (anode) (2)
2Hା + 2eି ՜ Hଶ (cathode) (3)
Fig. 1. Schematic diagram of PEM electrolyzer [9]
2.1. Thermodynamic models of PEM electrolyzer
Thermodynamically, for the electrochemical decomposition of water, the heat energy and the voltage 
corresponding to Gibb’s free energy, denoted as reversible voltage [9]:
V୰ୣ୴ =  
οୋ
୬୊
(4)
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The value of  F is 96485.3 C/mol. Therefore the standard condition for the reversible voltage is equals to 1.23V. It is 
necessary to calculate the theoretical energy demand for electrolytic hydrogen production. The total energy demand 
for PEM electrolyzer can be calculated as [9]:
οH =  οG + TοS (5)             
where οG is the electrical energy demand (change in Gibb’s free energy) and TοS is the thermal energy demand (J/mol 
H2). The total energy demand is the theoretical energy required for H2O electrolysis without any losses [10-12] .  The 
voltage correlated to the enthalpy (assuming that no energy is provided in the form of heat) is referred to the 
thermoneutral voltage [9]. The equation of the thermoneutral voltages expressed by 
V୲୬ =  
οୌ
୬୊
(6)
At the standard conditions, the value of the thermoneutral voltages is 1.48V.  As widely known the real cell voltage 
in an electrolytic cell is higher than the ideal open-circuit voltage and can be expressed as [9].
V୭ =  V୰ୣ୴ +  ߟୟୡ୲ +  ߟ୭୦୫୧ୡ + ߟୢ୧୤୤ (7)
2.2. Activation overvoltage
For each of the electrodes the current density at the electrolyte interface can be calculated by Butler-Volmer 
equation [10-12]
i =  i୓ ቂexp ቀ
஑భ୊
ୖ୘
ߟୟୡ୲ቁ െ exp ቀെ
஑మ୊
ୖ୘
ߟୟୡ୲ቁቃ (8)
Assuming Ƚଵ = Ƚଶ, equation (8) can be easily inverted, yielding 
ߟୟୡ୲ =
ୖ୘
஑୊
arcsinh ቀ ୧
ଶ୧ో
ቁ         (9)
This equation can applied for both anode and cathode where Ƚୟ୬ = 0.5 and Ƚୡୟ୲ = 0.5 
2.3. Diffusion Overvoltage
Resistance is present when flowing through the electrode, and this resistance increases with increasing flow. Some 
energy is lost during operation and this is the cause of diffusion overvoltage. The diffusion overvoltage can be 
estimated with the Nernst equation where the ‘0’ condition is a working condition taken as reference [9]:
ߟୢ୧୤୤ = Vଵ െ V଴ = ቀE଴ +
ୖ୘
୸୊
lnCଵቁ െ ቀE଴ +
ୖ୘
୸୊
lnC଴ቁ =
ୖ୘
୸୊
ln
େభ
େబ
               (10)
This equation can be applied both for the anode and the cathode, yielding where C୓మ,୫ୣ and Cୌమ,୫ୣ indicate, 
respectively, the oxygen and hydrogen concentration at the membrane–electrode interface [9]
ߟୢ୧୤୤,ୟ୬ =
ୖ୘౗౤
ସ୊
ln
େోమ,ౣ౛
େోమ,ౣ౛,బ
(11)
ߟୢ୧୤୤,ୡୟ୲ =
ୖ୘ౙ౗౪
ଶ୊
ln
େౄమ,ౣ౛
େౄమ,ౣ౛,బ
(12)
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2.4. Ohmic overvoltage
The Ohmic overvoltage across each cell can be expressed as [13]:
ߟ୭୦୫ = Rୡୣ୪୪I (13)
where Rୡୣ୪୪ is the Ohmic resistance of each cell inside the stack and I is the stack current [3]. The voltage drop due 
to the membrane can be separated from that due to electrodes and plates as follows [3]
ߟ୭୦୫ = Rୡୣ୪୪I = ൫Rୣ୯.ୟ୬ + R୫ୣ୫ + R(ୣ୯,ୡୟ୲))I = R୫ୣ୫I + ൫Rୣ୯,ୟ୬ + Rୣ୯,ୡୟ୲൯I = ߟ୭୦୫,୫ + ߟ୭୦୫,ୣ൯
            (14)
2.5. Molar flowrate
The molar flow of water consumed in anode and the mass balance of oxygen and hydrogen produced in anode 
and cathode respectively can be written as [13]:
nሶ ୌమ =
୬ౙ୍
ଶ୊
Ʉ୊ (15)
nሶ ைమ =
୬ౙ୍
ସ୊
Ʉ୊ (16)
nሶ ୌమ୓ = 1.25
୬ౙ୍
ଶ୊
Ʉ୊ (17)
Where nୡ is the number of cell stack, F is the Faraday’s constant, I is the current across the cell electrodes and Ʉ୊ is 
Faraday’s efficiency. Faraday’s efficiency is defined as the relation between real hydrogen flow-rate and its theoretical 
value. Generally, the Faraday’s efficiency for PEM electrolyzer is assumed to be 99% or more. The number of cell 
stack (nୡ) in this case is 1 since this research only deal with single stack PEM electrolyzer. Hence, the equation (15-
17) can be simplified to:
nሶ ୌమ =
୍
ଶ୊
(18)
nሶ ୓మ =
୍
ସ୊
(19)
nሶ ୌమ୓ =
୍
ଶ୊
(20)
2.6. Faraday Efficiency
Faraday Efficiency can be calculated by using the following equation [8]:
Ʉ୊ =
୕౟ౚ
୕౨౛
(21)
Where Q୧ୢ is the ideal charge for the production of a given amount of hydrogen and Q୰ୣ represents the required 
charge. The Faraday efficiency can also be expressed as function of the flux densities across the membrane and 
production rates of the gases [8]:
Ʉ୊ = 1െ
மౄమ
౛౤
౟
మూ
െ 2
மోమ
౛౤
౟
మూ
                                                         (22)
424   Alhassan Salami Tijani and A.H. Abdol Rahim /  Procedia Technology  26 ( 2016 )  419 – 427 
The total of hydrogen and oxygen diffusion can be calculated from
Ԅୌమ
ୣ୬ = ɂୢ୧୤
୮ౄమ
ౙ౗౪
ୢ
+ ɂୢ୮
୮ౄమ
ౙ౗౪ି୮ోమ
౗౤
ୢ
െ ୧
୊
Ɍ
୮ౄమ
ౙ౗౪ୗౄమ
ୡ(ୌమ୓)
(23)
Ԅ୓మ
ୣ୬ = ɂ୓మ
ୢ୧୤ ୮ోమ
౗౤
ୢ
+  
୧
୊
Ɍ
୮ోమ
౗౤ ୗోమ
ୡ(ୌమ୓)
(24)
2.7. Voltage Efficiency
Ʉ୴ =
୉౨౛౬
୉
(25)
3. Results and discussion
In this study a sensitivity analysis is conducted by means of polarization curve in order to evaluate the performance 
of the parameters of the PEM electrolyzer and operating conditions. Figure 2(a) shows the polarization curve of 
different membrane thicknesses at balanced pressure and Figure 2(b) shows the polarization curves at different 
membrane thicknesses and unbalanced pressure.  Simulation studies were carried out at different pressures and 
membrane thicknesses. Both Figures show that apparently pressure has no effect on polarization curve. On the other 
hand for a fix membrane thickness, Figure 2 (a & b) shows that as the current density increased, the cell voltage is 
increased. The reason is that, at higher current density more water molecules dissociate into hydrogen ion and oxygen 
and this process occurs only at higher voltage. The effect of membrane thickness on voltage is not apparent for lower 
current density but increases from current density of 0.2A/cm2. This is because the membrane thickness of the 
membrane electrode assembly (MEA) has an effect on the ohmic resistance. The thicker membrane has the highest 
ohmic resistance which eventually leads to higher voltage requirement to overcome the ohmic resistance and the 
thinner membrane has the smallest voltage. It can also be concluded that the proton resistance of the proton-conducting 
membrane contributes the most of the total ohmic resistance. This phenomenon was also reported in the literature
[14].
Figure 2: Effects of different pressure and membrane thickness on the operating voltage of PEM electrolyzer a)
Balance pressure 1 bar. b) Anode pressure 1 bar and cathode pressure 50 bar.
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Figure 3 (a & b) shows the simulation result for the Faraday efficiency of the electrolyzer at unbalanced anode and 
cathode pressure and at different temperatures. It was observed that temperature has no effect on the Faraday 
efficiency. On the other hand both Figures show that the Faraday efficiency increases as the current density increase. 
As shown in Figure 3a, the Faraday efficiency increases sharply up to 0.4 A/cm2 before starting to increase slowly. At 
0.8 A/cm2, for membrane thickness of 150 µm, the simulation result based on Figure 3a shows a Faraday efficiency 
of 0.943. Again it can be infer from Figure 3 (a & b) that membrane thickness has a significant impact on Faraday 
efficiency.
Figure 3: Effects of different temperature and membrane thickness on Faraday efficiency in PEM electrolyzer at 
different pressure
Figure 4 (a & b) shows the simulation result for the Faraday efficiency of the electrolyzer at balanced anode and 
cathode pressure and at different temperatures. It was observed that temperature has no effect on the Faraday 
efficiency. On the other hand both Figures show that the Faraday efficiency increases as the current density increase. 
Also Faraday efficiency decreases with decrease in membrane thickness, this is because at high unbalanced pressure 
some of the hydrogen, that is produced at the cathode is forced back to the anode a phenomenon known as gas cross 
over, this eventually reduces Faraday efficiency.  At 0.2 A/cm2 current density and membrane thickness of 150 µm, 
the simulation result based on Figure 3a shows a Faraday efficiency of 0.996.
Figure 4: Effects of different temperature and membrane thickness on Faraday efficiency in PEM electrolyzer at 
balance pressure 
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It can be observe from Figure 5 (a & b) that at higher and balance pressure the Faraday efficiency decreases more 
rapidly with decrease in membrane thickness. This is due to the fact that at lower membrane thickness the flux densities 
of hydrogen across the membrane and production rates of the gases of hydrogen is reduced and this reduces the overall 
Faraday efficiency. 
Figure 5: Effects of different temperature and membrane thickness on Faraday efficiency in PEM electrolyzer at 
different pressure
4. Conclusion
The results from this study suggest that the PEM electrolyzer with balance pressure of 1 bar setting has the best 
efficiency compared to the other pressure settings. However, the scope of the cell efficiency in this study does not 
include the energy required to power a compressor, which is required for PEM electrolyzer with cathode chamber 
operates at atmospheric pressure. The real efficiency of the PEM electrolyzer with the balance 1 bar should be lower 
than the value shown in this simulation after considering the energy consumed by the compressor. The PEM 
electrolyzer with cathode chamber operates at high pressure however, should not include the energy required to power 
a compressor. In order to properly compare which of the pressure settings have the best efficiency, it is recommended 
that the next study should include the energy required for a compressor in the calculation of efficiency.
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